Genetic mosaics produced by FLP/FRT induced mitotic recombination have been widely used in Drosophila to study gene function in development. Recently, the Cre/loxP system has been applied to induce mitotic recombination in mouse embryonic stem cells and in many adult mouse tissues. We have used this strategy to generate a previously undescribed p53 mouse model in which expression of a ubiquitously expressed recombinase in a heterozygous p53 knockout animal produces mitotic recombinant clones homozygous for the p53 mutation. The induction of loss of heterozygosity in a few cells in an otherwise normal tissue mimics genetic aspects of tumorigenesis more closely than existing models and has revealed the possible cell autonomous nature of Wnt3. Our results suggest that inducible mitotic recombination can be used for clonal analysis of mutants in the mouse.
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genetic mosaics ͉ tumor ͉ Li-Fraumeni syndrome ͉ loss of heterozygosity ͉ mouse model M utant mice generated by conventional or conditional targeting strategies provide valuable models for various hereditary diseases (1), but they do not exactly mimic spontaneous diseases caused by the accumulation of somatic mutations such as cancer (2) . One widely studied cancer model is the heterozygous p53 knockout mouse (3) (4) (5) , which models some aspects of Li-Fraumeni syndrome (6, 7) . In these models, tumors arise from cells that have lost the remaining wild-type allele and have become p53-deficient. Because the loss of heterozygosity (LOH) event is stochastic, this limits the usefulness of this model. Alternative models have been described, in which the deletion of p53 is restricted to a few compartments as a result of the conditional expression of a recombinase such as Cre (8) (9) (10) . However, in these models, the reduction to homozygosity affects almost all of the cells in an organ in which the recombinase is expressed, contrasting with the typical genesis of cancer that usually arises from a single mutant cell in an otherwise normal tissue (2) .
Induced mitotic recombination (11) (12) (13) (14) can potentially provide an alternative method to generate homozygous mutant cells in a nonmutant background at a relatively low frequency but under tissue specific and temporal control (Fig. 1) . Induced mitotic recombination also provides an opportunity to test the genetic interaction between pairs of alleles that are linked on the same chromosome. Here, we report a p53 mouse model in which the wild-type p53 allele in a heterozygous p53 knockout animal can be lost by the induction of a ubiquitously expressed recombinase. The induction of LOH in a few cells in an otherwise normal tissue mimics genetic aspects of tumorigenesis more closely than existing models and has revealed the possible cell autonomous nature of Wnt3.
Results and Discussion
To functionally test mitotic recombination in vivo, a mouse line was generated in which mitotic recombination could be induced by two different site specific recombinases, FLP and Cre. Two cassettes with FRT and lox sites and complementary halves of an Hprt selection cassette were targeted to the D11Mit71 locus (12) at the proximal end of chromosome 11 (Fig. 2a) . Transient expression of FLP or Cre in ES cell lines in which both cassettes had been targeted to the homologous chromosomes generated HAT-resistant clones that confirmed the functionality of the FRT and lox sites in vitro. Appropriately targeted cell lines were used to establish these alleles in mice. Further crosses with mice that carried the p53 Brdm2 allele (15, 16) and a Rosa26-FLP knockin allele (17) were conducted to establish a cohort of p53-FLP mice in which induced mitotic recombination of p53 could be tested (Fig. 2b) . A second experimental group (p53-Wnt3-FLP) was established containing the Rosa26-FLP knockin, the recombination cassettes and mutations in both p53 and Wnt3 (15, 18) . In this experimental cohort, we are specifically testing whether the loss of Wnt3 has any impact on tumorigenesis induced by loss of p53. To control for any possible effect of targeting both alleles of the D11Mit71 locus, a group was established that contained the recombination cassettes and the p53 Brdm2 allele but lacked the recombinase (Fig. 2b ). To control for the possible effect of mitotic recombination, a second control group was established con- ; Rosa26 ϩ/Fki animals (p53-FLP mice, red star) were examined for the development of tumors. D11Mit71 5ЈHprt/3ЈHprt ; Trp-53 ϩ/Brdm2 ; Rosa26 ϩ/ϩ mice (p53 controls, green star) were used as a control group for the effect of homozygosity at the D11Mit71 locus on p53 tumorigenesis. D11Mit71 5ЈHprt/3ЈHprt ; Trp-53 ϩ/ϩ ; Rosa26 ϩ/Fki mice (Hprt control mice, blue star) were used as a control group for the effect of inducible mitotic recombination on tumorigenesis.
taining both recombination cassettes and the recombinase but wild-type p53 alleles (Fig. 2b) . Mice lines were all established in a mixed 129S7/SvEv
Brd-Hprtb-m2 :C57BL/6 background. A cohort of 50 p53-FLP mice and 51 p53-Wnt3-FLP mice and controls was monitored for the development of tumors (Fig. 3a) . The control groups did not show any evidence that the insertion of the recombination cassettes into the D11Mit71 locus affected p53-tumorigenesis or that mitotic recombination alone contributed to tumorigenesis [supporting information (SI) Table 2 ]. All of the mice in the two experimental groups died with tumors within a 2-yr observation period. Kaplan-Meier log-rank analysis shows that, although the p53-FLP group do not quite reach significance (P ϭ 0.05), the p53-Wnt3-FLP mice died significantly quicker than the controls (P Ͻ 0.01).
The Kaplan-Meier plots are a tertiary measurement of the consequence of the genotype and reflect an averaging process associated with the affect of several different tumor types. Analysis of the spectrum of malignant tumors developing in the different lines (Table 1 and Fig. 3b ) reveals that the p53-mitotic recombination mice developed approximately twice as many carcinomas and fewer sarcomas compared with the p53 controls. Kaplan-Meier analysis of the sarcomas as a separate group reveals that, although fewer sarcomas develop in the p53-Wnt3-FLP lines, they appear to be more aggressive cancers, because they kill the mice earlier (P Ͻ 0.03) (Fig. 3c and SI Fig. 6 ). By contrast, the sarcomas in the p53-FLP mice show a very similar profile to those that develop in the p53 controls.
Detailed histopathological analysis has revealed that not only is there an increase in the proportion of carcinomas in the p53-FLP and p53-Wnt3-FLP mice, but there is also a much greater diversity in this tumor set. In the p53 controls, 82% (9/11) of the carcinomas are pulmonary adenocarcinomas or hepatocellular carcinomas (Fig. 4 a and b) , which is comparable to other p53 models (3, 4) . However, these two carcinomas comprise only 47% (9/19) in the p53-FLP mice and 31% (4/13) in the p53-Wnt3-FLP mice, respectively. In addition to the lung adenocarcinomas and hepatocellular carcinomas, the p53-FLP and p53-Wnt3-FLP mice also develop a diverse spectrum of tumors from the urogenital and gastrointestinal tracts (Fig. 4 c-f and SI Table  3 ). In particular, some rare malignancies were identified in the p53-Wnt3-FLP group (Fig. 4 e and f ) . The p53-FLP and p53-Wnt3-FLP mice also have a much higher incidence of lesions in epithelial tissues identified at necropsy (Table 1 and Fig. 3d ), both benign (hyperplasias) as well as premalignant lesions (dysplasias and carcinoma in situ) (Fig. 4 g-l) . By contrast, no cases of dysplasia or carcinoma in situ were observed in the p53 control group (Fig. 3d) . Thus, in epithelial tissues, induced LOH of p53 appears to result in the generation of premalignant lesions, but further mutations are required for these to progress to full malignancy. However, it is also possible that the Rosa26-FLP transgene is more active in the epithelial cells.
The difference in the survival curves and alterations in the tumor spectrum suggests that induced mitotic recombination is affecting tumor formation in p53 heterozygous animals. To further substantiate this observation, we have analyzed the tumors in all three groups for their allelic status at the D11Mit71, p53, and Wnt3 loci (Fig. 5 ). This analysis revealed that 27/37 (77%) of the tumors arising in the p53-FLP and p53-Wnt3-FLP mice had LOH of the p53 allele, whereas this was observed in only 8/17 (47%) of the control tumors (SI Table 4 ). The LOH Incidence of malignant and benign lesions in p53-FLP,  p53-Wnt3-FLP, and p53 The tumor spectrum is represented by the percentage of total maligancies. Incidence is represented by the percentage of total cohort. rate of the control tumors is comparable to previous observations (19, 20) . Moreover, all but one of the tumors showing LOH of p53 was homozygous for the 3Ј Hprt allele, confirming that LOH was caused by induced mitotic recombination. However, all of the control tumors showing LOH for p53 retained heterozygosity at D11Mit71. The tumors from the p53-Wnt3-FLP mice also showed LOH of Wnt3 and were thus also null for Wnt3.
Induced LOH enables the genetic interaction of linked loci to be explored in tumorigenesis. In this study, null alleles of p53 and Wnt3 have been examined, and the absence of Wnt3 appears to influence the survival time of mice with sarcomas (Fig. 3c) . Wnts are secreted molecules and are generally considered to be protooncogenes; thus, it would not be expected that loss of Wnt3 would have a cell autonomous effect in a small clone of p53-deficient cells expanding in a wild-type tissue environment. However, recent evidence has shown that Wnt5a behaves as a tumor suppressor gene in hematopoietic tissue (21) . Wnt3 inhibits the cell cycle of both stromal and mesenchymal stem cells by the ␤-catenin signaling pathway (22) . Moreover, recombinant dickkopf-1 (dkk-1), an inhibitor of Wnt signaling, increased the proliferation of mesenchymal stem cells by inhibiting the canonical Wnt/␤-catenin signaling pathway, and a dkk-1 antibody that blocks Dkk slows the growth of an osteosarcoma cell line (23) . Thus, Wnt3 might be essential not only for mesoderm formation (18) but also for mesoderm-derived tissue homeostasis in the adult. However, it is also possible that when the induced mutant clones grow, the Wnt-deprived environment at the center will prevent the progression of tumorigenesis in some tissues.
In this study, we have used mitotic recombination to induce mosaics of a tumor suppressor gene in vivo. The induction of LOH in a few cells in an otherwise heterozygous p53 tissue mimics genetic aspects of tumorigenesis and has revealed the possible cell autonomous nature of Wnt3. Although this is a good genetic model of loss-of-function Li-Fraumeni mutations in humans, it does not exactly mirror the most common human situation in which p53-deficient tumors develop in a wild-type rather than a heterozygous p53 background. In this model, it is also possible that haploinsufficient functions of p53 in the surrounding tissue could contribute to clonal growth of cells that have lost p53. Because inducible recombination affects all loci distal to the recombination site, this technology provides a means to study interactions between genes on the same chromosome. Because of the relatively large inventory of rare carcinoma types in the mitotic recombination animals, this inducible mitotic recombination system could be used to model these rare cancers by restricting the expression of Cre to specific cell types. The indexed library of mutagenic insertion and chromosome engineering resource clones (24, 25) facilitates the use of this genetic system for other chromosomes and genes. Genotyping of p53 Mosaic Mice and Tumor Samples. Southern blot analysis was performed on genomic DNA from tail or tumor samples to identify their genotype at the D11Mit71, Rosa26, p53, and Wnt3 loci. A D11Mit71 5Ј probe using an EcoRV restriction digest identifies a 9.6-kb wild-type allele, an 8.9-kb 5Ј Hprt cassette targeted allele, or a 13.4-kb 3Ј Hprt cassette targeted allele. After Cre-or FLP-mediated deletion, the size of the 3Ј Hprt targeted allele is reduced from 13.4 to 11.7 kb, and the 5Ј Hprt targeted allele remains unchanged. A D11Mit71 3Ј probe using a BamHI digest identifies a 14.1-kb wild-type allele, a 17.9-kb 5Ј Hprt cassette targeted allele, or a 10.3-kb 3Ј Hprt 
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